process is irreversible. Sonication of any of the bundle, tubular, and even sheet-like assemblies results in irreversible dispersion of the rods under all conditions studied thus far, including elevated temperature (80°C, followed by slow cooling). The rate of sedimentation under these conditions effectively competes with the assembly process.
Inferences on Flow at the Base of Earth's Mantle Based on Seismic Anisotropy
Mark Panning* and Barbara Romanowicz
We applied global waveform tomography to model radial anisotropy in the whole mantle. We found that in the last few hundred kilometers near the core-mantle boundary, horizontally polarized S-wave velocities (V SH ) are, on average, faster (by ϳ1%) than vertically polarized S-wave velocities (V SV ), suggesting a large-scale predominance of horizontal shear. This confirms that the DЈЈ region at the base of the mantle is also a mechanical boundary layer for mantle convection. A notable exception to this average signature can be found at the base of the two broad low-velocity regions under the Pacific Ocean and under Africa, often referred to as "superplumes," where the anisotropic pattern indicates the onset of vertical flow.
The core-mantle boundary (CMB) represents a thermal and a chemical boundary between Earth's solid silicate mantle and its liquid iron outer core. The corresponding boundary layer on the mantle side, often referred to as DЈЈ, is thus the site of complex dynamic processes that may involve thermal and chemical heterogeneity at various scales [e.g., (1)]. Additionally, it has been suggested that this layer functions as a mechanical boundary layer for the convection of the overlying mantle, leading to intense deformation. Such deformation processes can lead to detectable seismic anisotropy, either through the alignment of anisotropic crystals in the strain field or through the fine layering of materials with contrasting elastic properties (2, 3) .
The presence of anisotropy in DЈЈ has been established in several regions, including under the central Pacific Ocean, northeastern Asia, Alaska, and Central America, from the observation of seismic waves diffracting (S diff ) or reflecting (ScS ) at the CMB (3) (4) (5) (6) (7) (8) . The limited areas of sampling, however, have made interpretation of these observations difficult. A more global picture of long-wavelength anisotropic DЈЈ structure would clearly aid interpretation in terms of dynamic flow modeling as well as mineral physics.
With this in mind, we have adapted a global waveform tomography approach (9, 10) to develop a three-dimensional model of radial anisotropy in the whole mantle, using a large data set of three-component time-domain waveforms of surface and body waves (11) . The model is parameterized in terms of isotropic V S and the anisotropic parameter ( ϭ V 2 SH /V 2 SV ), which is directly related to radial anisotropy in S-wave velocity (12) . With our data set and our broadband sensitivity kernels (9) , which allow us to use both reflected and diffracted waves in DЈЈ ( fig. S1 ), we have enough coverage to invert for radially anisotropic structure in the whole mantle, as shown by resolution tests (13) .
Our final model includes anisotropic Swave velocity structure throughout the mantle. Two regions of strong "degree 0" radial anisotropy stand out in our model: the uppermost mantle and DЈЈ (Fig. 1) . In both regions, on average, V SH is faster than V SV . This can be interpreted, at least for the upper mantle, as indicating the presence of strong horizontal shear, consistent with previous work (14) (15) (16) (17) . The isotropic part of the model (Fig. 2, A and B) is consistent with earlier tomographic models of shear velocity in this depth range (10, 18, 19) and is characterized by a strong degree 2 component representing a fast ring surrounding two low-velocity features (often called superplumes) centered beneath the central Pacific Ocean and Africa. The strong degree 0 component in [␦ ln() Ͼ 0] dominates the map in DЈЈ (Fig. 2, C and D) . The regions that differ most strongly from this average structure correlate well with the locations of the two superplumes, with reduced values of ␦ ln() under the central Pacific Ocean, Africa, and the south Atlantic Ocean, including patches with negative values (V SV Ͼ V SH ). Another two large patches of reduced ␦ ln() are seen just west of North America and under central Eurasia. These patches also are related to slow isotropic velocities, although these regions of depressed velocities are much smaller than the two superplumes.
Although the finer scale features of our model may not be resolvable, and although observations in regions with high gradients will display some differences due to the long-wavelength parameterization of our model (20) , the long-wavelength anisotropic features imaged in our model generally agree with more localized studies of DЈЈ anisotropy (Fig. 2C) . Specifically, earlier studies imaged areas with positive ␦ ln() beneath Central America and Alaska (5, 8) as well as northeastern Asia (7 ). The central Pacific regional results are more variable, with some areas showing negative ␦ ln() (3, 5, 8) .
The dominant V SH Ͼ V SV found as one approaches the CMB suggests that the anisotropy observed in DЈЈ is related to the dominant horizontal flow in a mechanical boundary layer, analogous to the larger signal observed in the uppermost 200 km of the mantle and factored into the construction of the Preliminary Reference Earth Model (PREM) (17 ) . As one approaches regions of upwelling, the direction of flow changes and results in a different signature of anisotropy, as manifested in our study under the central Pacific and Africa. Anisotropy in these regions bordering the large-scale upwellings may be much more complex and include tilting of the axis of symmetry, which we assume to be vertical in our modeling. This would result in azimuthal anisotropy, which we do not attempt to model here.
Whether the globally observed anisotropy is due to lattice-preferred orientation (LPO) (2, 21) or the alignment of materials with differing elastic properties through shape-preferred orientation (SPO) (3) must await direct measurements of how lowermost mantle materials will develop LPO anisotropy at the corresponding temperature and pressure conditions. Arguments for weak anisotropy in perovskite [(Mg,Fe)SiO 3 ] and strong positive in periclase (MgO) (2) as well as for negative in both perovskite and periclase (22) have been advanced with the use of theoretical methods. Some studies have shown that high strain in subducting slabs approaching the CMB might be able to sustain conditions necessary for producing LPO structure across broad regions of DЈЈ (21) . This model also shows that although the major axes of the strain ellipses are horizontal under the downgoing slabs, the material can be rotated to vertical as it approaches upwellings, possibly explaining the observed change in anisotropy below the superplumes in our model. Different SPO hypotheses have been advanced as well, mostly relating to horizontal layering or inclusion of variously shaped pockets of contrasting material. Candidates for the differing elastic properties include reaction products from core-mantle interaction (23) and melted former basalt in a slab graveyard (3, 5) . In general, these SPO models lead to positive , although if there is tilting of the pockets of differing material under deformation, considerable azimuthal variation in velocities could be observed (2) .
Whatever the cause, our results clearly show that the dynamics of DЈЈ correspond with what would be expected in a boundary (5)]. The shift of the zone of ␦ ln() Ͼ 0 to the east of Central America in our model may be a result of the long-wavelength parameterization in our model. However, recent studies have documented that DЈЈ in Central America is the site of strong lateral gradients of structure (26) , so this transition may be real.
layer dominated by horizontal flow and emphasize the unique character of the two superplume regions, for which we bring additional evidence of large-scale upwelling. Although measurements of deformation at the pressures and temperatures corresponding to the CMB region are not yet available, our results suggest that similar relationships between anisotropic signature and flow prevail in the uppermost and lowermost mantle. period seismograms (minimum period of 60 s for surface waves and 32 s for body waves) inverted in the time domain in the framework of nonlinear asymptotic coupling theory (9) . In this normalmode perturbation-based approach, we calculate two-dimensional great-circle sensitivity kernels that account for the distribution of sensitivity along and in the vicinity of the ray when using finite-frequency waveform data. Additionally, this approach allows us to use diffracted waves as well as simultaneously arriving phases, which is not possible when using ray theory-and travel timebased approaches ( fig. S1 and SOM text). 12. Our model is parameterized in terms of radial anisotropy, which is usually described by density , and five elastic coefficients
and F).
We chose to describe this equivalently in terms of the isotropic P and S
2 )] and three anisotropic parameters [ ϭ N/L, ϭ C/A, and ϭ F/(A Ϫ 2L)]. The isotropic velocities are derived from the Voight average isotropic elastic properties (24) . These can be expressed as
. Because in this approach we assume anisotropy to be small, we can simplify the kernel calculation by using Ϸ 1 and A Ϸ C to reduce the Voight average expressions to the ones used above. To reduce the number of free parameters in the inversion, we assume the following scaling relationships: ␦ ln(V P iso ) ϭ 0.5 ␦ ln(V S iso ), ␦ ln() ϭ Ϫ2.5␦ ln(), ␦ ln() ϭϪ1.5␦ ln(), and ␦ln () ϭ 0.3␦ ln(V S iso ). Scaling relations for the anisotropic parameters have been determined in the laboratory only for conditions down to 500 km (25), so we also performed a lower resolution inversion where , , and were allowed to vary independently. The structure in changed very little, and analysis of the resolution matrix indicated that was indeed the best resolved of the three parameters, and tradeoffs were not too strong ( fig. S2) . The model was parameterized with 16 splines radially, and by spherical harmonics horizontally up to degree 16 for V S iso and degree 8 for . 13. We performed several tests using the resolution matrix calculated for an inversion up to degree 16 in both V S and . Tests with a random input model with a white wavelength spectrum indicate that we are capable of correctly resolving the longwavelength structure with some resolution at
